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Introduction

A novel imaging technology, scanning microwave-induced-acoustic tomography, will be
developed for breast imaging. X-ray mammography and ultrasonography are the current clinical
tools for breast-cancer screening and detection. Mammography is the “gold standard”, however,
uses ionizing radiation and has difficulties imaging pre-menopausal breasts, which are
radiographically dense. Ultrasonography is an adjunct tool to x-ray mammography and cannot
detect many of the nonpalpable tumors. The cure rate of breast cancers is improved if they are
detected early. To provide a new non-invasive, non-ionizing diagnostic tool for detection of early
breast cancers, we will develop real-time microwave-induced-acoustic tomography for breast
imaging. Microwave-induced-acoustic tomography is based on the photoacoustic effect,
generation of acoustic wave by deposition of short-pulse electromagnetic energy safely into
biological tissues. The microwave for this technology is short-pulsed, and its power is within the
IEEE safety limits. The microwave-induced acoustic wave is then detected with an ultrasonic
detector for imaging. The contrast between tumors and normal tissues in the microwave regime is
significantly better than other imaging modalities. Cancerous breast tissues are found to be 2-5
times more strongly absorbing than surrounding normal breast tissues in the microwave, which
has been attributed to an increase in bound water and sodium within malignant cells. However,
pure-microwave imaging is fundamentally limited to poor resolution (on the order of 10 mm)
because of the large wavelength of microwave. Ultrasonic imaging has good resolution (on the
order of 1 mm) but has a poor contrast between tumors and normal tissues. Microwave-induced-
acoustic tomography combines the contrast advantage of purely-microwave imaging and the
resolution advantage of purely-ultrasonic imaging, therefore, has the potential for detection of
early breast cancers and for assessing and monitoring treatments as well.
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Paper 1
Y. Xu and L.-H. Wang, "Signal processing in scanning thermoacoustic tomography in

biological tissues," Medical Physics 28 (7), 1519-1524 (2001).
See Appendix 1 for the full article.

Microwave-induced thermoacoustic tomography was explored to image biological
tissues. Short microwave pulses irradiated tissues to generate acoustic waves by thermoelastic
expansion. The microwave-induced thermoacoustic waves were detected with a focused
ultrasonic transducer to obtain two-dimensional tomographic images of biological tissues. The
dependence of the axial and the lateral resolutions on the spectra of the signals was studied. A
reshaping filter was applied to the temporal piezoelectric signals from the transducer to increase
the weight of the high-frequency components, which improved the lateral resolution, and to
broaden the spectrum of the signal, which enhanced the axial resolution. A numerical simulation
validated our signal-processing approach.




Papér 2
M. Xu, G. Ku, and L.-H. Wang, "Microwave-induced thermoacoustic tomography using

multi-sector scanning," Medical Physics 28 (9), 1958-1963 (2001).
See Appendix 2 for the full article.

A study of microwave-induced thermoacoustic tomography of inhomogeneous tissues
using multi-sector scanning is presented. A short-pulsed microwave beam is used to irradiate the
tissue samples. The microwave absorption excites time-resolved acoustic waves by thermoelastic
expansion. The amplitudes of the acoustic waves are strongly related to locally absorbed
microwave-energy density. The acoustic waves may propagate in all spatial directions. A focused
ultrasonic transducer is employed to acquire temporal acoustic signals from multiple directions.
Each detected signal is converted into a one-dimensional (1-D) image along the acoustic axis of
the transducer. The cross-sectional images of the tissue samples are calculated by combining all
of the 1-D images acquired in the same planes.

Paper 3
D. Feng, Y. Xu, G. Ku, and L.-H. Wang, "Microwave-induced thermoacoustic

tomography: reconstruction by synthetic aperture," Medical Physics 28 (12), 2427-2431 (2001).
See Appendix 3 for the full article.

We have applied the synthetic-aperture method to linear-scanning microwave-induced
thermoacoustic tomography in biological tissues. A non-focused ultrasonic transducer was used
to receive thermoacoustic signals, to which the delay-and-sum algorithm was applied for image
reconstruction. We greatly improved the lateral resolution of images and acquired a clear view of
the circular boundaries of buried cylindrical objects, which could not be obtained in conventional
linear-scanning microwave-induced thermoacoustic tomography based on focused transducers.
Two microwave sources, which had frequencies of 9 GHz and 3 GHz, respectively, were used in
the experiments for comparison. The 3-GHz system had a much larger imaging depth but a lower
signal-noise ratio than the 9-GHz system in near-surface imaging.

Paper 4
M. Xu, X. Wang, and L.-H. Wang, "High-resolution thermoacoustic tomography of

biological tissue," in Biomedical Optoacoustics III, A. A. Oraevsky, ed., Proc. Soc. Photo-Opt.
Instrum. Eng. 4618, in press. San Jose, CA, Jan. 20-21, 2002.

See Appendix 4 for the full article.

A study of pulsed-microwave-induced thermoacoustic tomography in biological tissues is
presented. A backprojection algorithm based on rigorous theory is used to reconstruct the cross-
sectional image from the thermoacoustic measurement in a circular configuration that encloses

the sample under study. The results demonstrate the possibility of application in detecting small
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tumors buried in biological tissues using microwave absorption contrast and ultrasound spatial
resolution. Finally, the method is compared with laser-induced thermoacoustic tomography.

Statement of Work

Task 1:Setting up the scanning microwave-induced-acoustic tomography (SMIAT) instrument,
Months 1-12:
a. Modify/connect the microwave generator and the ultrasonic scanner.
b. Image biological tissues in vitro with SMIAT.

This task has been successfully accomplished as shown in the appended full articles. We
are well prepared to continue the project.

Key Research Accomplishments

. A reshaping filter was applied to the temporal piezoelectric signals from the transducer to
increase the weight of the high-frequency components, which improved the lateral
resolution, and to broaden the spectrum of the signal, which enhanced the axial
resolution.

o Microwave-induced thermoacoustic tomography of inhomogeneous tissues was
implemented using multi-sector scanning. We solved the problem of blind surfaces using
this approach.

. We have applied the synthetic-aperture method to linear-scanning microwave-induced
thermoacoustic tomography in biological tissues for the first time.

. A backprojection algorithm based on rigorous theory was derived and was used to
reconstruct the cross-sectional image from the thermoacoustic measurements in a circular
configuration. The results demonstrate the possibility of application in detecting small
tumors buried in biological tissues using microwave absorption contrast and ultrasound
spatial resolution.

Reportable Qutcomes
Peer-reviewed journal articles
I. Y. Xu and L.-H. Wang, "Signal processing in scanning thermoacoustic
tomography in biological tissues," Medical Physics 28 (7), 1519-1524 (2001).

2. M. Xu, G. Ku, and L.-H. Wang, "Microwave-induced thermoacoustic tomography
using multi-sector scanning," Medical Physics 28 (9), 1958-1963 (2001).

3. D. Feng, Y. Xu, G. Ku, and L.-H. Wang, "Microwave-induced thermoacoustic
tomography: reconstruction by synthetic aperture," Medical Physics 28 (12),
2427-2431 (2001).
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Photonics, Huazhong University of Science and Technology, Wuhan, China.
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1. 10/01/2001, Ultrasound-mediated  biophotonic  imaging: acousto-optical
tomography and thermo-acoustic tomography. Department of Biological Systems
Engineering, University of Nebraska—Lincoln, Lincoln, Nebraska.

12. 10/04/2001, Ultrasound-mediated biophotonic imaging. Invited plenary talk for
Saratov Fall Meeting 2001—Workshop on Optical Technologies in Biophysics &
Medicine, Saratov, Russia.

13. 10/25/2001, Ultrasound-mediated biophotonic imaging. Department of Physics,
Texas A&M University, Texas.

14.  11/16/2001, Ultrasound-mediated biophotonic imaging. Program of
Bioengineering, University of Houston, Houston, Texas.

15.  12/03/2001, Ultrasound-mediated biophotonic imaging. DOE/NIH Workshop on
Applications of Thermography in Medical Diagnosis and Treatment, Bethesda,
Maryland.

16.  01/25/2002, Ultrasound-mediated biophotonic imaging. Lawrence Livermore
National Laboratory, Livermore, California.

Degrees
1. 09/1999-08/2001, Dazi Feng, Biomedical Engineering Program, Texas A&M

University, College Station, Texas. Thesis title "Microwave-induced
thermoacoustic tomography: reconstruction by synthetic aperture." Defended in
06/2001. M.S. degree conferred in 12/2001. Joined Nortel, Texas in 08/2001.

Conclusions

Since the grant was awarded in October 2000, we have published three peer-reviewed
journal articles, published one conference proceedings article, delivered 16 invited talks, and
graduated one M.S. student. This research has been successful and rewarding. We are well
prepared to continue the project with greater successes.

Until cancer is eradicated by preventative measures, the grand challenge in cancer
research is early-cancer detection because the cure rate of cancers is much improved if they are
detected early. Cancerous breast tissues are found to be 2—5 times more strongly absorbing than
surrounding normal breast tissues in the microwave, which has been attributed to an increase in
bound water and sodium within malignant cells. The combination of ultrasound and microwave
has provided us a unique opportunity for early-cancer imaging with high resolution and high
contrast. We have made significant technical progress in thermoacoustic imaging including
imaging configuration, data processing, and reconstruction. We have successfully imaged
biological tissue with high resolution and high contrast. We look forward to meeting this grand
challenge.
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Signal processing in scanning thermoacoustic tomography
in biological tissues

Yuan Xu and Lihong V. Wang?
Optical Imaging Laboratory, Biomedical Engineering Program, Texas A&M University, 3120 TAMU,
College Station, Texas 77843-3120

(Received 12 December 2000; accepted for publication 27 March 2001)

Microwave-induced thermoacoustic tomography was explored to image biological tissues. Short
microwave pulses irradiated tissues to generate acoustic waves by thermoelastic expansion. The
microwave-induced thermoacoustic waves were detected with a focused ultrasonic transducer to
obtain two-dimensional tomographic images of biological tissues. The dependence of the axial and
the lateral resolutions on the spectra of the signals was studied. A reshaping filter was applied to the
temporal piezoelectric signals from the transducer to increase the weight of the high-frequency
components, which improved the lateral resolution, and to broaden the spectrum of the signal,
which enhanced the axial resolution. A numerical simulation validated our signal-processing ap-

proach. © 200! American Association of Physicists in Medicine. [DOI: 10.1118/1.1380436]

Key words: microwave, ultrasonics, thermoacoustics, tomography, resolution, filter

I. INTRODUCTION

When electromagnetic radiation is absorbed in biological tis-
sues, the heating and the subsequent expansion will cause
emission of acoustic signals, which is called the thermoa-
coustic effect. In thermoacoustic tomography, the thermoa-
coustic signals from a tissue sample are collected to map the
distribution of the radiative absorption within the sample.
The radiative absorption is closely related to the physiologi-
cal and pathological status of the tissue: for example, cancer-
ous breast tissues are 2—-5 times more strongly absorbing to
microwaves than surrounding normal breast tissues, which
has been attributed to an increase in bound water and sodium
within malignant cells.!™

Thermoacoustic tomography combines good imaging
resolution with good imaging contrast. Purely microwave
imaging has the advantage of good imaging contrast but suf-
fers from poor spatial resolution due to the large wavelength
of microwaves.*~” On the other hand, purely ultrasonic im-
aging has good spatial resolution but poor contrast. Ther-
moacoustic tomography can bridge the gap between them.

There are various types of thermoacoustic tomography,
such as photoacoustic tomography and microwave-induced
thermoacoustic tomography (MITT). In photoacoustic
tomography,®~!! due to the use of short laser pulses—several
nanoseconds in pulse width—and the strong attenuation of
the laser light by tissues, the frequency spectrum of the
acoustic signal from the buried object of several micrometers
in size is estimated to have significant components up to 75
MHz,” which makes its axial resolution as good as 10 um.
However, the maximum imaging depth in photoacoustic to-
mography is limited by the strong attenuation of the laser
light and of the high-frequency acoustic waves. On the other
hand, MITT can be used to image much deeper tissues due to
the relatively low absorption of microwaves. The spectra of
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the acoustic signals in MITT are usually below 2 MHz, and
the axial resolution is greater than 1 mm. Several investiga-
tors employed microwave-induced thermoacoustic waves in
the 1980s for imaging of biological tissues; these early
works, however, did not produce any tomographic or depth-
resolved images.!>”!* Recent progress realized tomographic
imaging of biological tissues based on microwave-induced
thermoacoustic waves.'>~8

We here present our studies on the signal-processing as-
pect of scanning MITT. Filtering has been applied to signal
processing in photoacoustic tomography'' and MITT;'S how-
ever, it was used to eliminate the dc (direct current) offset
and the effect of the response of the transducer on the piezo-
electric signal, respectively. For the first time, we discuss in
details how the spectra of signals influence the resolution of
thermoacoustic tomography and how the resolution can be
improved by signal processing. In our imaging approach, the
lateral resolution was achieved by use of a focused ultrasonic
transducer, whereas the axial resolution was obtained by
measuring the temporal profiles of the acoustic signals. The
dominance of the low-frequency (<0.5 MHz) components in
the raw temporal signals limited the lateral resolution, and
the narrow bandwidth of the signals restricted the axial reso-
lution. Consequently, the image before signal processing had
poor lateral resolution and many artifacts. We showed that a
“simple” filtering method improved the lateral resolution to
some extent but at the expense of the axial resolution. To
overcome this problem, we proposed a new reshaping filter.
It was applied to the temporal signals from the transducer to
increase the weight of the high-frequency components,
which improved the lateral resolution, and to broaden the
spectrum of the signal, which enhanced the axial resolution.
A numerical simulation validated our signal-processing ap-
proach.

© 2001 Am. Assoc. Phys. Med. 1519
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Fig. 1. Experimental sctup for scanning MITT.

Il. METHODS

A. Experimental setup

The experimental setup for this study is shown in Fig. 1.
A Cartesian coordinate system was set up for reference: The
x axis pointed outward perpendicularly to the drawing plane,
the y axis pointed to the right in the drawing plane, and the z
axis pointed upward along the acoustic axis. A 3 GHz micro-
wave generator transmitted microwave pulses. The pulse
width was modified from the original manufacturer’s setting
to 0.5 us. A function generator was employed to trigger the
microwave generator, to control its pulse repetition fre-
quency, and to synchronize the sampling by the oscilloscope.
Microwave energy was delivered by a tapered waveguide
with a cross section that gradually narrowed from 72 mm
X 34mm to 72 mmX 5 mm. The object to be imaged was a
slab of chicken muscle with a y-z cross section of 14 mm
X 8 mm, and the slab was plunged into lard contained in a
plexiglass tank. The tank was mounted on a two-dimensional
(2D) x-y translation stage (MD2, Arrick Robotics), which
was driven by two computer-controlled stepper motors. Lard
and plexiglass were used for their low absorption to micro-
waves. Lard also provided good acoustic coupling to an ul-
trasonic transducer facing the microwave waveguide. The
central frequency of the ultrasonic transducer (V314, Pana-
metrics) was 1 MHz, the bandwidth was 0.6 MHz, the diam-
eter of the active element was 1.9 cm, and the focal length
was 2.5 cm. The transducer was connected to a low-noise
pulse preamplifier. The amplified signal was averaged 100
times, recorded by an oscilloscope (TDS-640A, Tektronix),
and then transferred to a personal computer.

In our scanning MITT, the ultrasonic transducer measured
the time-of-arrival signals of the thermoacoustic waves. The
distances between the thermoacoustic sources and the trans-
ducer were calculated by multiplying the time of arrival with
the speed of sound in the medium. Therefore, a time-domain
signal can be converted into a one-dimensional (1D) image
along the acoustic axis (z axis), which is similar to an ultra-
sonic A-scan image. Scanning the sample along the x or the
y axis and combining the multiple 1D images yielded a 2D
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cross-sectional image of the sample in the x-z or y-z plane,
which is analogous to an ultrasonic B-scan image.

B. Signal processing

Two methods of signal processing in the frequency do-
main based on finite impulse response (FIR) filters were ap-
plied to the experimental data. The filtering is implemented
by multiplying a properly selected real window function to
the spectra of the signals, which introduces no phase distor-
tion. In the first method, all the signals are processed with the
same bandpass filter, which has a passband between 0.5 and
1.5 MHz with a transition bandwidth of ~0.5 MHz.

To overcome the difficulties of the first method, we pro-
posed a reshaping method in the frequency domain. This
method can make the bandwidth of the processed signal
broader to enhance the axial resolution and weigh the high-
frequency components more heavily to improve the lateral
resolution. The essence of this method is to apply a reshap-
ing filter to each temporal signal. The shape of the reshaping
filter for the signal at any y position is chosen to be the
inverse of the envelope of the original frequency spectrum,
where the envelope of the spectrum is obtained by connect-
ing the major local maxima. Without distorting the positions
of the pulses in the temporal signal, this filter can achieve the
widest possible bandwidth in the filtered signal and conse-
quently the best axial resolution. Moreover, to filter out the
very low-frequency disturbance—which is caused by the
preamplifier—and the high-frequency noise beyond the cut-
off frequency—where the signal-to-noise ratio is unity, a
smoothing filter is applied to the signal. Unlike the reshaping
filter, the smoothing filter is the same for the signals from all
the scanned positions of the transducer. The final filter is the
product of the above two filters in the frequency domain. To
increase the contrast, the background value is subtracted
from the spectrum before the final filter is applied. Lastly, to
improve the lateral resolution, the final filter is scaled by a
constant factor such that the spectral amplitudes of all the
piezoelectric signals at a selected high frequency remain un-
changed after filtering.

lil. RESULTS AND DISCUSSION

An image of the chicken muscle is presented in Fig. 2(a).
Each vertical line in this 2D image was obtained from a
temporal piezoelectric signal of the ultrasonic transducer,
and the sample was scanned horizontally along the y axis
with a step size of 1 mm to acquire the multiple vertical
lines. Figures 2(b) and 2(c) show the temporal wave forms
and the corresponding frequency spectra, respectively, for y
equal to 20 mm—where the transducer axis crossed the
muscle—and equal to 2 mm—where the transducer axis did
not cross the muscle. The buried muscle was clearly imaged
as shown in Fig. 2(a): The white line at z=17 mm corre-
sponds to the upper boundary between the lard and the
muscle, and the dark line at z=25.1 mm to the lower one.
The thickness of the muscle in the image is 8.1 mm and
agrees with the actual one. But the lateral resolution is poor:
The width of the muscle in the image appears to be 36 mm,
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much greater than the actual 14 mm width. Furthermore,
there appear many ghost objects between the two boundaries
and below the lower boundary. Because the muscle and the
lard are almost uniform, no heterogeneity in the image is
expected from other than the boundaries.

To explain these problems, we resort to the relationship
between the lateral resolution of the detecting ultrasonic
transducer and the frequency spectrum of the received tem-
poral wave form. The lateral resolution of the ultrasonic
transducer is determined by its focal diameter, which is given

by
d= 1.02v,/,
A df, ’
where v, is the speed of sound in the medium, /, is the focal

length of the transducer, d, is the diameter of the active
element in the transducer, and f, is the acoustic frequency.
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FIG. 3. The distributions of the signal components around /= 1.31 and 0.44
MHz along the y axis.
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FiG. 4. (a) The 2D image after filtering the temporal signals with a standard
bandpass filter; (b) the filtered temporal signal at y =20 mm.

Therefore, the lateral resolution is inversely proportional to
the frequency of the acoustic signal or the piezoelectric sig-
nal. Because the dominant frequency components of the
piezo-electrical signals are far below 1 MHz, as shown in
Fig. 2(c), the lateral resolution is much worse than the focal
diameter of the transducer, 2 mm, at its 1 MHz central fre-
quency.

The dependence of the lateral resolution on the frequency
spectra is illustrated more clearly in Fig. 3, which displays
the 1D lateral images—along the y axis—corresponding to
the 1.31 and 0.44 MHz components of the spectra, respec-
tively. The 1.33 MHz image is sharper than the 0.44 MHz
one, and therefore, has superior lateral resolution. Poor reso-
lution that is caused by the dominating low-frequency com-
ponents is also responsible for the ghost piezoelectric signals
at y=2 mm, where the transducer axis does not cross the
buried muscle and thus the received piezoelectric signals can
be only wide-angle low-frequency signals. In comparison,
the piezoelectric signal at y =20 mm—where the acoustic
axis of the transducer crosses the muscle—is primarily from
the transducer axis and hence has greater high-frequency
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components than the piezoelectric signal at y=2 mm, as
shown in Fig. 2(c).

From the above discussion, it is clear that increasing the
high-frequency components of the piezoelectric signals can
improve the lateral resolution. The most natural solution is to
apply a bandpass filter to cut off the low-frequency compo-
nents. An example of such processing, in which the filter has
a passband between 0.5 and 1.5 MHz with a transition band-
width of ~0.5 MHz, is shown in Fig. 4(a). The lateral reso-
lution is much improved but still unsatisfactory; however, the
axial resolution seems worse, and some artifacts were gener-
ated, as shown in Fig. 4(b). The poor axial resolution is due
to the decrease of bandwidth in the signal processing. As
shown in the inset of Fig. 2(c), the spectral amplitude drops
exponentially with the frequency; therefore, the filtered sig-
nal has a narrower bandwidth than the original one. A nar-
rower bandwidth in the frequency domain results in a
broader signal in the time domain thus poor axial resolution.

To overcome the difficulties of the simply filtering, we
applied reshaping filters to the signals. The shape of the re-
shaping filter [Fig. 5(b)] for the signal at y =20 mm is chosen
to be the inverse of the envelope of the original frequency
spectrum; where the envelope of the spectrum is obtained by
connecting the major local maxima, as shown by the dashed
curve in Fig. 5(a). Without distorting the positions of the
pulses in the temporal signal, this filter can achieve the wid-
est possible bandwidth in the filtered signal and consequently
the best axial resolution. Moreover, to filter out the very
low-frequency disturbance—which is caused by the
preamplifier—and the high-frequency noise beyond the cut-
off frequency—where the signal-to-noise ratio is unity, a
smoothing filter is applied to the signal. Unlike the reshaping
filter, the smoothing filter is the same for the signals from all
the scanned positions of the transducer.

The final filter, which is the product of the above two
filters in the frequency domain, is shown in Fig. 5(b); the
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final filter in the time domain is shown in Fig. 5(c). To in-
crease the contrast, the background value—which is deter-
mined by the amplitude at both the ends of the solid curve in
Fig. 3—is subtracted from the spectrum before applying the
final filter. As we wish to obtain a lateral resolution ap-
proaching that at 1.31 MHz (Fig. 3), the final filter is scaled
by a constant factor such that the spectral amplitude of the
final filter at 1.31 MHz is set to unity; consequently, the
spectral amplitudes of the piezoelectric signals for all piezo-
electric signals remain unchanged at 1.31 MHz. The spec-
trum and the temporal wave form of the processed signal at
y=20mm are displayed in Figs. 5(a) and 5(d). The axial
resolution of the processed signal is much better than that of
the unprocessed signal [Fig. 2(b)] because the processed
spectrum is much broader than the unprocessed one [Fig.
2(c)]. The processed 2D image (Fig. 6) is also clearer than
the original image. The ghost objects in the original images
were removed, and the two boundaries became quite distinct
from the background. The muscle along the y axis in the
image is about 15 mm, which agrees well with the 14 mm
actual size.

A numerical simulation was implemented to test our re-
shaping method. A simulated temporal waveform [Fig. 7(a)]
includes three pulses at =20, 21, and 30 us. The 20 and 30
us pulses are determined by

B (1= 19)?
s(t)= exp( T 2)
and the 21 us pulse is determined by
B (t—to)z)
s(t)—l/(l+ — 3)

where w is the pulse width and is set to 0.8 us. The corre-
sponding spectrum is shown in Fig. 7(b), which resembles
the spectrum of the signal at y=20mm in our image. Be-
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Fi6. 6. The 2D image after applying the final filter to the temporal piczo-
electric signals.

cause the 20 and 21 us pulses are too close to each other,
they merge into one pulse in the original constructed signal.
In the signal processed by our method [Fig. 7(c)], the two
pulses are separated distinctively, and all the pulses become
sharper. The positioning errors of the restored peaks are
within 10% of the pulse width. However, the signal-to-noise
ratio (SNR) in Fig. 7(c) is lower than that in Fig. 7(a) as a
result of the increased weighting of the noisy high-frequency
components in the reshaping process. Nevertheless, the deg-
radation of SNR in the processed signals has little influence

(a) (b)
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on the image, as shown in Fig. 6. In contrast, the simple
filtering did not produce as a good outcome [Fig. 7(d)].

Our reshaping method is especially efficient for signals
that consist of multiple pulses of similar shapes, which is
quite common in ultrasonic detection. Assuming a temporal
signal comprises two identical pulses—for illustration
purposes—at different times, its spectral amplitude can be
written as

A(N)=s(H1 +exp(i2mfAn)|=s(f)p(f), )

where fis the frequency, s(f) is the spectral amplitude of a
single pulse, and A7 is the time interval between the two
pulses. Because the oscillatory p(f’) has a flat envelope, the
envelope of A(f) approximately equals that of s(f'), which
determines the shape of a single pulse. On the other hand, the
features and the phase of the spectrum contain the position-
ing information of the pulses, which is the most important
information in imaging. In our reshaping method, the signal
is multiplied by the reciprocal of its own spectral envelope,
resulting in a flat envelope in the processed spectrum; con-
sequently, the pulses are narrowed in the time domain. As the
reshaping filter is smooth, it does not alter the features and
the phase of the spectrum; accordingly, the positions of the
pulses in the time domain remain unchanged.

In general, applying the reshaping filter will sharpen the
boundaries of signals, which can be illustrated with an ideal
slab. The thermoacoustic wave from a slab irradiated by a
sufficiently short microwave pulse can be represented by a
square wave. It can be shown that filtering the square wave
with the reshaping filter is equivalent to taking the first de-
rivative of the wave in the time domain, which yields the two
boundaries of the slab. The spectral amplitude of the square
wave with a duration g is |sin(waf)/(nf)|; thus its envelope
is 1/(wf), and the reshaping filter is 7f. Applying the re-
shaping filter to the square wave in the frequency domain is
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equivalent, within a constant factor, to differentiating the sig-
nal in the time domain, which yields a positive delta function
at the front boundary of the square wave and a negative one
at the rear boundary.

Our study pointed out some potential approaches that can
be used to improve the imaging resolution in our experi-
ments. One approach is to improve the SNR of the signal so
that the cutoff frequency is extended. Because only the spec-
tral region with an SNR greater than unity provides useful
information for our reshaping method, an increased cutoff
frequency can broaden the usable spectrum and accordingly
improve both the lateral and the axial resolutions. However,
this advantage can only be realized when the spectrum is
reshaped because the unprocessed high-frequency spectral
amplitude is so small compared with the low-frequency one
that it contributes little to improving the lateral and the axial
resolutions, as shown in Fig. 2(c); after the reshaping, the
weight of the high-frequency portion is increased greatly,
resulting in an improved resolution. Another potential ap-
proach to improving the resolution is to shift the acoustic
spectrum to a higher frequency by modulating the micro-
wave source.

IV. CONCLUSIONS

Our studies showed that scanning MITT is a promising
imaging tool for biological tissues. The boundaries of differ-
ent tissue constituents can be imaged clearly and accurately
with the assistance of image processing. By reshaping the
spectra of the piezoelectric signals, the weight of the high-
frequency components is increased greatly, resulting in much
improved axial and lateral resolutions, both of which were 1
mm in our current experimental setup. The numerical simu-
lation also verified our signal-processing method. Our
spectral-reshaping method can also be applied to other ultra-
sonic signals comprising several pulses of similar shapes.
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A study of microwave-induced thermoacoustic tomography of inhomogeneous tissues using multi-
sector scanning is presented. A short-pulsed microwave beam is used to irradiate the tissue samples.
The microwave absorption excites time-resolved acoustic waves by thermoelastic expansion. The
amplitudes of the acoustic waves are strongly related to locally absorbed microwave-energy density.
The acoustic waves may propagate in all spatial directions. A focused ultrasonic transducer is
employed to acquire temporal acoustic signals from multiple directions. Each detected signal is
converted into a one-dimensional (1D) image along the acoustic axis of the transducer. The cross-
sectional images of the tissue samples are calculated by combining all of the 1D images acquired in
the same planes. © 2001 American Association of Physicists in Medicine.
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I. INTRODUCTION

Microwave-induced thermoacoustic tomography of biologi-
cal tissues has recently attracted considerable interest.!
With this technique, a short-pulsed microwave beam is used
to irradiate tissue samples. The tissue absorbs the microwave
energy and excites thermoacoustic waves by thermoelastic
expansion. The generated acoustic waves carry information
about the microwave absorption properties of the sample.
The different absorption properties among different types of
tissue permit the construction of a distribution of microwave
absorption in a homogeneous acoustic medium.

The microwave penetration depth in most soft tissues lies
somewhere between that of the fat tissue, which lacks water
and salt, and muscle tissue, which is abundant in water and
salt.? Specifically, the penetration depths for fat and muscle
tissue at 3-GHz microwave are 9 cm and 1.2 cm, respec-
tively. The wide range of microwave absorption coefficients
among various other tissues can lead to a high imaging con-
trast for biological tissues. However, it is difficult to achieve
good spatial resolution using pure microwave imaging of
biological tissues because of the long wavelength of micro-
waves, e.g., 3 cm at 3 GHz.** This problem can be overcome
by the use of microwave-induced thermoacoustic waves. Be-
cause the velocity of acoustic waves in soft tissue is nearly
1.5 mm/us, thermoacoustic signals at mega Hz can provide
millimeter spatial resolution.

The intensities of the microwave-induced thermoacoustic
signals are far lower than the ultrasonic pulses used in purely
ultrasound imaging (ultrasonography). However, a unique
advantage of thermoacoustic tomography is the detection of
the inhomogeneous microwave absorption property of tis-
sues when the acoustic property is homogeneous. Such a
capability may lead to early detection of cancer.

Key problems in microwave-induced thermoacoustic to-
mography are the measurement of acoustic signals excited
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by microwave pulses and the construction of images from
the acquired data. One approach is to use focused ultrasonic
transducers to localize the thermoacoustic sources. The ma-
ture scanning techniques (lincar and sector scans) in ultra-
sonography can be used to detect the thermoacoustic
signals.® Each scan line may reflect the profile of the medium
along the acoustic axis of the focused transducer. However,
an acoustic source has a strong direction of radiation, espe-
cially if the surface is relatively smooth, from which the
acoustic energy is mainly transmitted out in one direction.
The higher the frequency of the acoustic wave is, the stron-
ger the radiation direction is. The thermoacoustic signals
caused by microwave pulses are composed of high-
frequency components as well as low-frequency compo-
nents, and the intensities of the high-frequency components
are far less than the ultrasonic pulses used in ultrasonogra-
phy. Only if its acoustic axis is nearly perpendicular to the
surface of the acoustic source, can the focused transducer
acquire enough high-frequency components for accurate spa-
tial localizations of the thermoacoustic sources. Therefore, it
is necessary, with this method, to scan the sample from all
possible directions by a focused transducer. Since the ther-
moacoustic wave is weak, in order to get a good signal-and-
noise ratio (SNR), we use a focused transducer with a big
aperture area in our initial study, because the SNR is propor-
tional to the square root of the aperture area.

Here we present our study on microwave-induced ther-
moacoustic tomography of inhomogeneous tissues by a two-
dimensional (2D) full-directional scan—the combination of
multiple-sector scans at various positions on a circle around
the sample. Each detected time-resolved signal is converted
into a one-dimensional image along the acoustic axis. The
axial resolution is obtained by measuring the temporal pro-
files of the acoustic signals, and the lateral resolution is
mainly determined by the focal diameter of the transducer.

© 2001 Am. Assoc. Phys. Med. 1958
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The two-dimensional (2D) cross-sectional images are calcu-
lated from the data acquired in the same planes. Some im-
ages of biological-tissue samples are achieved experimen-
tally. These images clearly reveal the boundaries of different
tissues as well as their locations, which are in good agree-
ment with the actual samples.

Il. THEORY
A. Thermoacoustic wave

When the microwave pulse duration is very short, the
thermal conduction time is far greater than the thermoacous-
tic transit time. In practice, the duration of the microwave
pulse is less than 1 us, which meets this criterion. In this
case, the heat diffusion’s effect to the thermoacoustic wave
in the tissue can be neglected. Consequently, the generation
of thermoacoustic wave by deposition of microwave energy
can be described by the following equation:’

1 9% (¢t
(Vz‘ ?‘a‘ﬁ)”‘”): - & TR, M
P

where p(r,t) is the thermoacoustic pressure at position r and
time ¢, ¢ is the speed of sound, B is the isobaric volume
expansion cocfficient, C,, is the heat capacity, /(¢) is the
temporal profile of the microwave pulse, and A(r) is the
fractional energy-absorption per unit volume of soft tissue at
position r, which is proportional to the microwave absorp-
tion coefficient of the tissue at position r.

Equation (1) shows that the amplitudes of the thermoa-
coustic waves are strongly related to locally absorbed
microwave-energy density, i.e., the local microwave absorp-
tion coefficient or penetration depth. Considering a spheri-
cally symmetric deposition of microwave energy with radius
R’

A(ry=AyU(—r+R), 2)
where the step function
1, £=0,
UO=14, ¢<o.

Assuming a delta pulse of the form /(#)=1y8(¢), the ther-
moacoustic pressure at detection position » for £>0 is found
from Eq. (1) to be’

_ Bl 4o U(-r+R+
P(',t)—c—pi;(r e)[U(—r ct)

+U(r+R—ct)]. ©)

Moreover, the first derivative of the thermoacoustic pressure
is written as

ap(r,)  Blec’

a  2rC,

Equation (4) indicates that the first derivative of the thermoa-

coustic pressure is a mapping of the spherically spatial en-

ergy deposition of Eq. (2). Therefore, we can use either the
detected thermoacoustic pressure or its first derivative to

AoU(—|ct—r|+R). 4
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Fic. 1. A diagram of thc multi-scctor scan scheme.

construct the microwave absorption distribution and the lat-
ter is found to be better. In general, a large medium can be
regarded as a set of small media or thermoacoustic sources,
which have different microwave absorption coefficients.
Through the following multi-sector scan method, each small
thermoacoustic source can be localized.

B. Multi-sector scan

A diagram of the 2D multi-sector scanning scheme is
shown in Fig. 1. A rectangular coordinate system (x,y) is set
up for reference. Each sector-scan frame has a set of scan
lines, which originate from the same location and radiate out
in different directions as in ultrasonography. The origins of
different frames are set on a circle around the sample so that
the focused transducer may detect the signals from all direc-
tions in the same plane. For convenience, the center and
radius of the circle are referred to as the rotation center and
the rotation radius, respectively.

The microwave absorption and sample heating occur in a
very short time, and the propagation velocity of the electro-
magnetic wave is far greater than that of an ultrasonic one.
Therefore, it is reasonable to assume that the sample expan-
sion resulting from the microwave pulses causes acoustic
waves instantaneously. The distance between the thermoa-
coustic source and the transducer is simply calculated by
multiplying the time of arrival by the velocity of the acoustic
wave. Therefore, at each scan line, the thermoacoustic pres-
sure along the acoustic axis induced by the microwave pulses
can be obtained directly from the detected temporal signals.

All scan lines are used to construct a cross-sectional im-
age by the method of linear interpolation. A sector frame can
only detect part of the sound source. Figure 2(a) shows the
same x—y plane as in Fig. 1. The transducer is now set at the
position of point O;. A local polar coordinate system (d, &)
is set up for the sector frame with the origin O, and its polar
axis is through the rotation center point O. The angle 6 be-
tween the polar axis and y axis is called the rotation angle.
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Fic. 2. (a) The rcctangular coordinate system (x,y) and the local polar
coordinate system (d,a, 8); (b) the diagram of the lincar interpolation.

The rotation radius between point O and O, is R. The dis-
tance between the thermoacoustic source and the transducer
is d. Therefore, at each scan line, the point 4(x,y) in the
rectangular coordinate system can be denoted as 4(d,a, 6)
in the local polar coordinate system with rotation angle 6.
The relationship between (x,y) and (d,a,6) is determined
by the following equations:

d= \/72+R2—2rR cos vy,

@=arcsin(r sin y/d),
B=arctan(y/x), %5)
y=m/2—a—f,

r= T
In experiments, a series of discrete data are acquired in each
local polar coordinate system. We use linear interpolations to
project the data from each local polar coordinate system to
the rectangular coordinate system. For simplicity, we neglect
the symbol 6 in the following description. As shown in Fig.
2(b), suppose that point (d,a) is among the measured data
A(d,,a;), A(dy,a)), A(d|,a,), and A(d,,®;), ie., a
<a<a,, d<d<d,, where d;(i=1,2) is the distance be-

Medical Physics, Vol. 28, No. 9, September 2001

1960

tween the thermoacoustic source and the transducer and is
calculated by multiplying the time of arrival ¢, (i=1,2) by
the velocity of the acoustic wave ¢ in the medium, i.e., d;
=ct;(i=1,2). Then A(d,a) can be calculated by

Alda)=T"% 44y
( ’a)"—dz_dl( 2 l) 1»
Ad, ,a,)—A(d,,
A= A(dy )+ DI TAd ) (g
a—
Ald,,ay)—A(d,,a
A= Ady.a))+ (d, z)- (dy 1)((1_0‘1)_
(25 2?3}

Function 4 could be the thermoacoustic pressure p(¢) or the
derivative dp(r)/dt. The derivative is helpful for improving
the sharpness of the boundaries between different tissues,
which can be calculated through an inverse fast Fourier
transformation (FFT) as

dp(t

-%LFFT-'{W(@}, )
where p(w) is the Fourier transformation of p(?).

In this way, we can compute each image 4 4(x,y) from
each sector frame A(d,a) at rotation angle 6. A full 2D
cross-sectional image is obtained with the following summa-
tion:

A(x,y)=20 Ag(x,y). (8)

lil. EXPERIMENTAL METHOD

We use a focused transducer to implement a multi-sector
scan. Figure 3 shows the experimental setup. A plexiglass
container is filled with mineral oil. A rotation stage and a
focused transducer are immersed inside it in the same x—y
plane. The sample can be set in the rotation stage. The trans-
ducer is used to detect the thermoacoustic signal from the
sample. The angle pane!l indicates the angle between the
acoustic axis of the transducer and the rotation radius. We
manually turn the transducer to point to one direction. A step
motor directly drives the rotation stage while the transducer
is fixed. Obviously, this is equivalent to a transducer that
rotationally scans around the sample with a manual sector
scan. The transducer (V314, Panametrics) has a central fre-
quency of 1 MHz, a bandwidth of 0.6 MHz, a diameter of
1.9 cm, a focal length of 2.5 cm at | MHz, a 3-dB focal
diameter of 2.1 mm, and a focal zone of 1.76 cm along the
acoustic axis.

The microwave pulses transmitted from a 3-GHz micro-
wave generator have a pulse energy of 10 mJ and a pulse
width of 0.5 us. A function generator (Protek, B-180) is used
to trigger the microwave generator, control its pulse repeti-
tion frequency, and synchronize the oscilloscope sampling.
Microwave energy is delivered to the sample by a rectangu-
lar wave guide with a cross section of 72 mmX34 mm.

A personal computer is used to control the step motor in
rotating the sample. The signal from the transducer is first
amplified through a pulse amplifier, then recorded and aver-
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aged 100 times by an oscilloscope (TDS640A, Tektronix),
and finally transferred to a personal computer for imaging.

IV. RESULTS AND DISCUSSION

The first sample we tested was a piece of muscle tissue—
centered in a fat disc as shown in Fig. 4(a)—which was cut
across and photographed after the experiment. Both the
muscle and fat were cut from pork. The maximum diameter
of the sample was 38 mm, and the thickness was 5 mm. The
rotation center was set inside the muscle. The transducer
rotationally scanned the sample (only in the rotation-radius
directions) from 0 to 360 degrees with a step size of 2.25
degrees. We then used these 160 scan lines to calculate a 2D
cross-sectional image with linear interpolations. Good agree-
ment between the original profile in Fig. 4(a) and the con-
structed images in Figs. 4(b) and 4(c) was obtained, where
Figs. 4(b) and 4(c) were computed from the measured piezo-
electric signals and the first derivative of those, respectively.
The boundaries between the fat and muscle or oil are clearly
imaged. This is because when the rotation center is in the

Medical Physics, Vol. 28, No. 9, September 2001

1962

F1G. 5. (a) Cross section of a sample

~on the x—y plane; 2D constructed im-
ages of thc x—y cross section of the
sample (b) from the piezoclectric sig-
nals and (c) from the first derivative of
the piczoclectric signals.

Horizontal axis x (cm)

0.0 0.2 0.4

Derivative of piezoelectric signal (a.u.)

©

center of the sample, each scan line is nearly perpendicular
to the boundaries of the muscle or fat, and the transducer can
receive sufficient thermoacoustic signals from the radius di-
rections alone for imaging.

The second sample had a structure as shown in Fig. 5(a),
which was also cut across and photographed after the experi-
ment. The fat was first cut from pork: the maximum diameter
of the sample was 39 mm; and the thickness was 5 mm. Then
we cut away a hole far away from its center and filled in a
small piece of muscle, which was also cut from pork. The
muscle size was about 10 mm in diameter and 5 mm in
thickness. The rotation center was set outside the muscle.
The rotation radius was 12.5 cm, which included the length
of the transducer. The transducer rotationally scanned the
sample from 0 to 360 degrees with a step size of 2.25 de-
grees, and at each stop a set of sector directions from —12 to
12 degrees with a step size of 2 degrees was scanned. Totally,
2080 scan lines were acquired to construct 2D cross-section
images. Figure 5(b) was constructed directly from the piezo-
electric signals, which was in good agreement with the origi-
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nal profile in Fig. 5(a). The boundaries between the fat and
muscle or oil are clearly visible, except the rear boundary of
the muscle. Figure 5(c) was constructed from the first deriva-
tives of the piezoelectric signals, which agreed with the
original profile of Fig. 5(a) very well. The boundary of the
muscle was clearer than that in Fig. 5(b). In particular, the
sizes and locations of the muscle and fat zones agreed with
the original shapes. It indicates that the first derivative pro-
duces a better mapping of the microwave absorption distri-
bution than the piezoelectric signal, i.e., the thermoacoustic
pressure. Due to the high microwave absorption in muscle
and the low absorption in fat, the muscle and fat can be
differentiated by their “brightness” in the images.

In the above examples, the size deviations between the
original objects and their constructed images are about 2
mm, which agree with the theoretical spatial resolution ap-
proximations as follows. The axial resolution along the
acoustic axis is dependent on the width of the microwave
pulse (0.5 us) plus the width of the impulse response of the
transducer (1.5 us); therefore, it should be approximately 3
mm, because the velocity of the acoustic waves in the tissue
is about 1.5 mm/us. The lateral resolution is determined by
the focal diameter of the focused transducer, ~2 mm for the
1 MHz transducer used in the above experiments. The use of
shorter microwave pulses and narrower focal diameter ultra-
sonic transducers can improve the spatial resolution.?

V. CONCLUSION

Microwave-induced thermoacoustic tomography of inho-
mogeneous tissues by using multiple sector scans was stud-
ied. Cross-sectional images can be obtained by a few
straightforward calculations from the temporal data acquired
by a focused transducer rotationally sector scanning the
samples. The experiments show that the constructed images
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are in good agreement with the original cross-section profiles
of the samples, and the boundaries between different tissues
are clearly imaged. Results indicate that this technique is a
powerful imaging method with good spatial resolution that
can be used for the investigation of inhomogeneous tissues.
In the future, a circular array could be used to replace the
single transducer, and some numerical compensation meth-
ods could be introduced to improve the spatial resolution
further.
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We have applied the synthetic-aperture method to linear-scanning microwave-induced thermoa-
coustic tomography in biological tissues. A nonfocused ultrasonic transducer was used to receive
thermoacoustic signals, to which the delay-and-sum algorithm was applied for image reconstruc-
tion. We greatly improved the lateral resolution of images and acquired a clear view of the circular
boundaries of buried cylindrical objects, which could not be obtained in conventional linear-
scanning microwave-induced thermoacoustic tomography based on focused transducers. Two mi-
crowave sources, which had frequencies of 9 and 3 GHz, respectively, were used in the experiments
for comparison. The 3 GHz system had a much larger imaging depth but a lower signal—noise ratio
than the 9 GHz system in near-surface imaging. © 2001 American Association of Physicists in

Medicine. [DOIL 10.1118/1.1418015]
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I. INTRODUCTION

Microwave-induced thermoacoustic tomography is emerging
as a nonionizing imaging modality. When electromagnetic
radiation is irradiated upon biological tissues, the resulting
heat-related expansion of the tissues produces acoustic
waves. From the acoustic signals, we can reconstruct the
distribution of electromagnetic absorption in soft tissues. The
large differences in electromagnetic absorption in various tis-
sues, which are associated with their physiological and
pathological status, provide significant contrasts in imaging.
For example, the absorption coefficient in cancerous breast
tissue is two to five times greater than that in normal breast
tissue, due to the increment of water and sodium bounded
within malignant cells.'”> This large difference makes it
promising to use microwave-induced thermoacoustic tomog-
raphy to detect breast cancers.

Microwave-induced thermoacoustic tomography com-
bines the advantages of both pure ultrasound and pure mi-
crowave imaging. Traditional imaging technology with pure
ultrasound (ultrasonography) offers satisfactory spatial reso-
lution but poor soft-tissue contrast, while pure microwave
imaging provides good imaging contrast but barren spatial
resolution.*”” Microwave-induced thermoacoustic tomogra-
phy bridges the gap between them. By integrating ultrasound
and microwave technology, microwave-induced thermoa-
coustic tomography has both satisfactory spatial resolution
and good soft-tissue contrast.

In conventional linear-scanning microwave-induced ther-
moacoustic tomography (LMTT), a focused ultrasonic trans-
ducer is used to detect time-resolved acoustic signals. Since
the focused transducer has a good response only along the
transducer axis, each acoustic signal can be converted into a
one-dimensional image. Linear scanning of the ultrasonic
transducer yields multiple one-dimensional images, which
can be combined to form a two-dimensional image of the
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sample.3!% In the two-dimensional images obtained with
conventional LMTT, only boundaries that are nearly perpen-
dicular to the axis of the ultrasonic transducer can be de-
tected because most of the thermoacoustic waves travel in a
small solid angle around the normals of boundaries; spheri-
cal or oblique boundaries of buried objects whose thermoa-
coustic waves have a large angle with the axis of the ultra-
sonic transducer cannot be imaged because the ultrasonic
transducer receives little signal from these boundaries.

To overcome this deficiency of traditional LMTT, we
have applied the synthetic-aperture method to LMTT. In this
method, thermoacoustic signals were detected from multiple
locations and the synthetic delay-and-sum algorithm was
then used for the reconstruction of the images. The synthetic-
aperture method has been applied in PAT previously;'!'*
and weights were assigned to the signals according to the
sensor’s directivity to improve the SNR at the expense of
lateral resolution. In our experiment, the raw data were ob-
tained by a 2.25 MHz nonfocused transducer instead of a
focused one, as in traditional LMTT, and the synthetic-
aperture reconstruction method based on the delay-and-sum
algorithm was applied to reconstruct the images. By applying
the synthetic-aperture method, we have improved the lateral
resolution of the images and enhanced our ability to image
spherical or oblique boundaries in the samples. Images ac-
quired from two microwave sources with different frequen-
cies were compared; the 3 GHz system has a much larger
imaging depth but a lower SNR than the 9 GHz system in
near-surface imaging.

Il. METHODS
A. Reconstruction method

The image reconstruction method is illustrated in Fig. 1.
For convenience, we converted both the signal-delay time

© 2001 Am. Assoc. Phys. Med. 2427
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and the spatial distance into the number of pixels according
to the speed of the acoustic wave traveling in the media. For
the 50 MHz sampling rate, 1 us= 50 pixels= 1.5 mm.
Because the transducer is nonfocused, it receives signals
from a larger solid angle than does a focused counterpart. In
the reconstruction, we evenly projected the signals to each
point within the whole solid angle according to the time
delay. The time delay corresponds to the distance from the
transducer to the point to which we project the signal. This is
the algorithm called “delay and sum.” In other words, the
signal intensity of each point 4(i,/) is the sum of the signals
from the transducer at different positions delayed with the
transit time from the transducer position to the point. So the
signal intensity at any point, 4(i,j), can be expressed as

M
A(i,j>=k§0 B(k,D),

where B(k,l) is the signal intensity coming from the /th
pixel point in the signals and from the kth transducer scan-
ning position, M is the total number of steps that the trans-
ducer scanned, and / is the distance from the kth transducer
scanning position to the point (i,j):

1= J(k=1)2+ /2.

Let us consider a point (i,,/;) where there is a thermoa-
coustic source. During the data acquisition, all the detectors
will receive signals from this particular point after time de-
lays determined by the above equation. Conversely, in the
reconstruction, all the detectors contribute signals to this par-
ticular point with the appropriate time delays. On the other
hand, for a point (i,,j,) where there is no source, few de-
tectors contribute signals to this point after time delays de-
termined by the above equation. Consequently, the recon-
structed intensity at point (i,,j;) will be much greater than
that at point (i,,7,). In this reconstruction scheme, the de-
tection can be artificially focused onto any specified point
(i,j), which is the basic concept of synthetic aperture.

We attempted to add some corrections to the delay-and-
sum algorithm but found them unnecessary. For example, we
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tried applying weights to the signals according to the trans-
ducer’s directivity, as was done previously. It improved the
SNR, but the lateral resolution deteriorated as a result. In our
situation, we had already acquired a satisfactory SNR by
averaging the thermoacoustic signals 100 to 200 times, indi-
cating that the direct delay-and-sum algorithm works well in
LMTT technology.

B. Experimental setup

The experimental setup for this study is shown in Fig. 2.
A Cartesian system was set up for reference. The z axis is
along the ultrasonic axis pointing downward. The x axis is
perpendicular to the drawing plane and pointed outward. The
y axis is in the drawing plane and points to the right.

In the experimental setup, microwave pulses of 9 or 3
GHz, with a width of 0.5 us were delivered into the samples.
The sizes of the cross section of waveguides were 72 mm
X 34mm in the 3 GHz system and 23 mmX 10 mm in the 9
GHz system. A function generator (DS345, Stanford Re-
search System) was employed to trigger the microwave
pulses and synchronize the sampling of an oscilloscope. A
linear translation stage (MD2, Arrick Robotics), on which an
ultrasonic transducer was mounted, was driven by a
computer-controlled stepper motor. The transducer was
scanned linearly. The nonfocused ultrasonic transducer
(V323, Panametrics) mounted on the translation stage had a
central frequency of 2.25 MHz and a 6 mm diam of an active
element. A low-noise pulse preamplifier (500 PR, Panamet-
rics) amplified the acoustic signals coming from the trans-
ducer. Then the amplificd signals were collected and aver-
aged by an oscilloscope (TDS-640A, Tektronix) and
subsequently transferred to a personal computer. The acous-
tic waves from the sample were coupled to the ultrasonic
transducer by mineral oil.

lll. RESULTS AND DISCUSSION

In this section, we will present and discuss the images
acquired from the 3 GHz microwave system and the 9 GHz
microwave system, respectively. The first two sets of images
were acquired from the 9 GHz system. In the first set of
images, we imaged a semicylindrical fat sample with a
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simple structure to verify the synthetic-aperture method. In
the second set of images, we imaged a small fat cylinder
containing several detailed structures. The third set of images
was acquired, using the 3 GHz system, from two muscle
cylinders buried in an ellipse of pork fat. Comparing the last
two sets of images demonstrates the effects of different ob-
ject shapes and the different frequencies of the microwave
sources.

A. Results

The sample in the first set of images is a semicylinder of
pork fat immersed in mineral oil. Figure 3(a) shows a cross
section of the semicylinder with two curved boundaries
marked by (1) and (2). The transducer is on the left side of
the picture, pointing to the sample and moving along the
ruler. The original signals from the transducer are shown in
Fig. 3(b). Because the thermoacoustic waves were propagat-
ing almost perpendicularly to the boundaries, the lateral sig-
nals (1) and (2) in Fig. 3(b) were from the corresponding
curved boundaries (1) and (2) in Fig. 3(a). After reconstruc-
tion, the original signals (1) and (2) formed the curved
boundaries (1) and (2) of the semicylinder in Fig. 3(c). The
synthetic-aperture method was proved to be effective in im-
aging the curved boundaries. The flat boundary of the semi-

Medical Physics, Vol. 28, No. 12, December 2001

Feng et al.: Microwave-induced thermoacoustic tomography

2429

80

Horizontal axis y (mm)
Horizontal axis y {mm)

10

v v e
0 10 20 30 40 50 0 10 20 30 40 S0

Vertical axiy 2 (mn)

s
A
SN

0.0050 -0.15 -0.08 ~0.02 0.05

Vertical axis 2z (mun)

-0.0050 0.0017

~0.0017

Original signal Image after reconstruction

(b) ©
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cylinder is not visible in the image because this boundary
was parallel to the axis of the transducer. The thermoacoustic
waves from this flat boundary traveled perpendicularly to the
axis of the transducer and never reached the transducer.

In the second set of images, Fig. 4(a) is the cross section
of the sample, which was a pork fat cylinder with one layer
of connective tissue (1) and several small pieces of muscle.
The transducer was mounted on the left side of the picture,
pointing to the sample and moving along the ruler. The im-
ages before and after reconstruction are shown in Fig. 4(b)
and Fig. 4(c), respectively. The reconstructed image de-
scribes the structure of the sample very well. The connective
tissue across the cylinder has been imaged clearly, as marked
by (1) in Fig. 4(c). The muscles have been imaged as three
slides parallel to each other because of the different distances
between the muscles and the transducer. Because of the lat-
eral convolution effect caused by the 6 mm diam of the
transducer, the images of the muscles were stretched and
overlapped along the y direction.

In the 9 GHz system, because of the small cross-sectional
area in the 9 GHz waveguide, the microwaves were incident
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acquired with the 3 GHz system; (c) image after the reconstruction.

upon the sample from the right to the left side along the
transducer axis but in the opposite direction. In this case, the
thermoacoustic waves emitted from the left curved edge
were smaller than those emitted from the right curved edge.
One reason is that the strong microwave absorption of the
sample, especially the muscle layers in the sample in Fig. 4,
decreased the intensity of the microwave ficld on the left
side. The other reason is that the distribution of the micro-
wave field, without considering sample absorption, also de-
creased with increasing distance from the sample to the out-
let of the waveguide. Therefore, the left boundary of the
sample in Fig. 4(c) is much weaker than the right one.

In the above two images acquired with the 9 GHz system,
objects in the right part of the image produce a mirror image
due to reflected thermoacoustic waves from the boundaries
of the container. The reflected signals could be eliminated by
time gating, but for comparison they were kept to maintain
the same image scale as the images from the 3 GHz system.

The third set of images shown in Fig. 5 was gathered with
the 3 GHz system. Shown in Fig. 5(a) is a cross section of
the sample, which was an elliptic slab of pork fat with two
muscle cylinders buried inside. With the sample being im-
mersed in the mineral oil, the transducer pointed to the
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sample from the left side and moved along the ruler. In the 3
GHz system, the microwaves were incident upon the sample
perpendicularly to the picture and pointed outward, which
made the microwaves evenly distributed in the cross section
of the sample. In the original signal data in Fig. 5(b), the
signals from the muscle cylinder and the edge of the pork fat
are spread into a hyperbola with similar shapes. The signals
from the two muscle cylinders even cross each other in the
center. After the reconstruction, the rebuilt image shown in
Fig. 5(c) is in good agreement with the real sample shown in
Fig. 5(a).

B. Discussion

From all of the images above, it is clear that the image
resolution of curved boundaries of samples and of small cyl-
inders is worse than that of horizontal boundaries, which
emit thermoacoustic waves along the transducer axis. For
example, the axial resolution of the slabs in Fig. 4(c) is much
better than that of the two small cylinders in Fig. 5(c). The
reason is that when the thermoacoustic wave does not come
from the center of the transducer’s receiving solid angle, it
may reach different parts of the transducer surface at differ-
ent times. In this case, the pulse signal is broadened and this
broadening of the pulse is proportional to the dimensions of
the transducer surface. If the thermoacoustic waves come
from the center of the receiving solid angle of the transducer,
the resolution is optimized. The propagating direction of
most thermoacoustic waves from curved boundaries and
small cylinders have large angles with the transducer axis. In
other words, when the transducer detects these thermoacous-
tic waves, they are not from the center of the receiving solid
angle. Therefore even after reconstruction, the axial resolu-
tion of the curved boundaries or small cylinders has been
compromised. Also because of the 6 mm diam of the trans-
ducer, all of the images have been stretched along the y di-
rection and the lateral resolution has deteriorated. Therefore,
the diameter of the active element of the transducer is a key
to both the axial and lateral resolutions. We can alleviate the
effect of stretching and improve the axial resolution of the
images by reducing the diameter of the transducer at the cost
of losing the SNR.

Comparing the above images before and after reconstruc-
tion, the SNR has been greatly improved by the reconstruc-
tion. In the delay-and-sum algorithm, the signal intensity of
every point is the sum of the signals from different positions
that the transducer scanned. From the perspective of the SNR
and randomization of the noise, summing up signals from £
different positions has the equivalent effect of averaging the
signal k times and will increase the SNR by Vk times. We
can take advantage of this property to greatly reduce our
average time in data acquisition and the dose of microwaves.

A comparison of the images in Fig. 4(c) and Fig. 5(c)
shows that the 3 GHz system has a much larger image vol-
ume than the 9 GHz system due to the deeper penetration
depth of the microwaves with a lower frequency and a larger
cross section of the waveguide. For microwaves of 3 GHz,
the penetration depths for muscle and fat are 1.2 and 9 cm,
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respectively, and for microwaves of 9 GHz, the penetration
depths for muscle and fat are 0.27 and 2.6 cm. The depth we
can image in the tissues is proportional to the penetration
depth of the microwaves in the tissue. On the other hand, in
near-surface imaging the 9 GHz setup has a better SNR than
the 3 GHz system due to the larger attenuation of 9 GHz
microwaves and the higher-power density of the microwave
source.

In traditional LMTT, the ghost caused by the relatively
small diameter of the focused transducer affects the lateral
resolution. In synthetic aperture, the scanning nonfocused
transducer can be artificially focused onto any specified point
and the effect equals a focused transducer with a diameter of
the scanning dimension. The large diameter, which is much
larger than the diameter of the focused transducer used in
conventional LMTT, greatly reduces the ghost and, therefore,
improves the lateral resolution of the image.

In our study we point out that, compared with traditional
LMTT, the synthetic-aperture method is effective for im-
proving the lateral resolution of images and imaging the
curved boundaries in samples. The resolution of the images
can be further improved by reducing the diameter of the
transducer or applying deconvolution with respect to the fi-
nite size of the transducer surface.

According to the TEEE standard, our case involves expo-
sures under a controlled environment, which means the ex-
posure is incurred by persons who are aware of the potential
of exposure. For both the 3 and 9 GHz microwaves under a
controlled environment, the upper limit of safe exposure is
10 mW/cm?. If it is used for partial body exposure, the upper
limit is relaxed to 20 mW/cm? for 3 GHz microwaves and
22.1 mW/cm? for 9 GHz microwaves. The peak power of our
3 GHz microwave generator is 10 kW; the microwave pulse
width is 0.5 us; the pulse repetition rate is less than 40 Hz;
and the outlet of the microwave generator is 72mm
X34mm. As a result, the power density of the 3 GHz mi-
crowave system is 8.2 mW/cm? The peak power of our 9
GHz microwave generator is 25 kW; the microwave pulse
width is 0.5 us; the pulse repetition rate is about 2 Hz; and
the outlet of the microwave generator is 23 mmX 10 mm.
Consequently, the power density of the 9 GHz microwave
system is 10.9 mW/cm?. Further, we assumed that the entire
microwave has been coupled out of the waveguide without
divergence. In practice, however, only part of the microwave
is coupled out of the waveguide and diverged into a much
larger area than the outlet of the waveguide. The power den-
sities used in our experiments are below the limits of the
IEEE standard and are safe to humans.

IV. CONCLUSIONS

The synthetic aperture, which has never been used in
LMTT, is proved to be a powerful image reconstruction
method. The reconstruction method based on the delay-and-
sum algorithm has been verified to work well in LMTT be-
cause of its ability to image curved boundaries in samples, to
improve the lateral resolution, and to reduce the noise of the
system. The large diameter of the transducer causes resolu-
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tion deterioration; the diameter can, however, be reduced to
improve the resolution at the expense of the SNR. The com-
parison of the images shows that the 3 GHz system has a
larger imaging volume but a poorer SNR than the 9 GHz
system in near-surface imaging.
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High-resolution thermoacoustic tomography of biological tissue
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ABSTRACT

A study of pulsed-microwave-induced thermoacoustic tomography in biological tissues is presented. A backprojection
algorithm based on rigorous theory is used to reconstruct the cross-sectional image from the thermoacoustic
measurement in a circular configuration that encloses the sample under study. The results demonstrate the possibility of
application in detecting small tumors buried in biological tissues using microwave absorption contrast and ultrasound
spatial resolution. Finally, the method is compared with laser-induced thermoacoustic tomography.

Keywords: Thermoacoustic imaging, Tomography

1. INTRODUCTION

Pulsed microwave-induced thermoacoustic tomography combines the advantages of both ultrasound spatial resolution
and microwave absorption contrast [1]-[4]. With this technique, a very short microwave pulse (<1 microsecond) heats a
sample; the sample then absorbs the microwave energy in a confined time and simultaneously generates temporal
thermoacoustic waves, which are strongly related to the locally absorbed microwave energy. The thermoacoustic signals
have a wide frequency range up to ~ MHz and carry the information about microwave absorption distribution with
millimeter spatial resolution. In practice, microwaves at 300 MHz ~ 3 GHz with 0.1 ~ 1 ps pulse are often adopted,
which provide several centimeters penetration depths in biological tissues. Due to the bounded water and salt that exist
in cancer cells, a tumor absorbs more microwave energy and generates more intense thermoacoustic waves than the
surrounding tissues [5], [6]. The wide range of absorption values among various tissues makes it possible to achieve a
high image contrast. In addition, the long penetration depth allows this technique to detect interior tumors.

In this paper, we present our study of pulsed-microwave-induced thermoacoustic tomography under a circular
measurement configuration in biological tissues. A wide beam of short-pulse microwave energy is used to illuminate a
sample from the bottom. An unfocused ultrasonic transducer with a small aperture is used to record the thermoacoustic
signals. A backprojection method based on rigorous theory is used to reconstruct the cross-sectional image from the
measured data. A phantom sample is investigated. The reconstructed image agrees with the original sample very well.
Finally, the method is compared with laser-induced thermoacoustic tomography.

2. METHOD

A schematic view of the circular measurement system for our study is shown in Fig. 1. A plexiglass container is filled
with mineral oil. An unfocused transducer is immersed inside it and fixed on a rotation device. A step motor drives the
rotation device and then moves the transducer scan around the sample on a horizontal x-y plane, where the transducer
horizontally points to the rotation center. A sample is immersed inside the container and placed on a holder, which is
made of thin plastic material that is transparent to the microwave. The transducer (V323, Panametrics) has a central
frequency of 2.25 MHz, and a diameter of 6mm. The microwave pulses transmitted from a 3-GHz microwave generator
have a pulse energy of 10 mJ and a pulse width of 0.5us. A function generator (Protek, B-180) is used to trigger the
microwave generator, control its pulse repetition frequency, and synchronize the oscilloscope sampling. Microwave
energy is delivered to the sample by a rectangular waveguide with a cross section of 72 mm x 34 mm. A personal
computer is used to control the step. The signal from the transducer is first amplified through a pulse amplifier, then
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LWang@tamu.edu; URL: http:/oilab.tamu.edu.
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Fig. 1 Schematic of the circular measurement system

recorded and averaged 500 times by an oscilloscope (TDS640A, Tektronix), and finally transferred to a personal
computer for imaging.

We assume the tissue to have inhomogeneous microwave absorption and a relatively homogeneous acoustic property.
When the microwave pulse duration is < 1 s, the heat diffusion’s effect on the thermoacoustic wave in the tissue can be
ignored. The speed of sound ¢ in most soft tissue is relatively constant at ~1.5 mm/ps. Suppose a delta illuminating
function 7,§(r) and a detected acoustic pressure p(r,,f) on the circular surface r=r,=(p,,¢,,z,) and time ¢ If
challenged to detect small size tumors, we can safely remove the low-frequency component. In addition, the
wavelengths of the high-frequency thermoacoustic waves are much smaller than the detecting distances between the
thermoacoustic sources and the transducers. Under the above conditions, the spatial absorption function A(r) can be

calculated by the following 2D surface integral in the cylindrical configuration ,

¢ —z)* 1 Op(ry,¢
e L R
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where B is the isobaric volume expansion coefficient and C, is the heat capacity. The above reconstruction formula
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indicates that the cross-sectional image of any z plane is determined mainly by the data measured on the circle of the
same z plane. In other words, if small absorption sources are located on a z plane, a set of circular measurement data on
the same plane can be sufficient to yield a good cross-sectional image.

3. RESULTS AND DISCUSSION

A phantom sample was imaged by our microwave-induced thermoacoustic tomography system. The measurement
diagram and its cross-sectional photograph are shown in Fig. 2 (a) and (b), respectively. Three small absorbers, which
were made of gelatin, salt and water, were buried inside a large fat base. The transducer rotationally scanned the sample
from 0 to 360 degrees with a step size of 2.25 degree. The reconstructed image produced by our backprojection method
is shown in Fig. 2 (c), which agrees with the original sample very well. The relative locations and sizes of those
thermoacoustic sources perfectly match the buried objects in the original sample.

For comparison, as Fig. 3 shows, an example of two black dots with a gap distance 40 um was imaged by traditional
photoacoustic tomography, in which short laser pulses were used to illuminate the sample. A 10 MHz transducer was
used to detect photoacoustic signal. Because the laser duration is only 4.7 ns, a higher frequency thermoacoustic signal
was generated and a higher spatial resolution was obtained. However, the laser was not able to penetrate very deeply
inside of the tissue.
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Fig. 2 (a) Diagram of the measurement scheme. (b) Photograph of the sample. (c) Reconstructed image.
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Fig. 3 (a) The schematic of two adjacent dots. (b) The reconstructed image.

4. CONCLUSION

We have presented our study on pulsed-microwave-induced thermoacoustic tomography by a circular measurement
configuration in biological tissues. A backprojection algorithm is used to reconstruct the cross-sectional images. The
reconstructed image of a phantom sample agrees with the original values very well. The result demonstrates that the
circular measurement configuration combined with the backprojection method is a promising technique for use in
detecting small tumors buried in biological tissues with microwave absorption contrast and ultrasound spatial resolution
(~ mm). Alternatively, a pulsed-laser technique, which provides laser absorption contrast as well as high spatial
resolution (~ 50 um), can be employed as an illumination source to detect small tumors that are not very deeply buried.
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